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>100 μg/L)	that	has	a	 long,	stable	period	of	stratification	(c.	8.5	months).	A	 lake	
biophysical	model	(PROTECH)	was	used	to	assess	the	effect	of	changes	in	these	















timing,	 depth	 and	 length	 of	 lake	 stratification	 (c.	 14	days	 longer	 by	 2100),	 and	
therefore	altered	nutrient	cycling	and	phosphorus	availability.








(Hutchinson	&	 Löffler,	 1956)	 and	 climate	 change	 has	 increasingly	
been	 recognised	 to	 have	 a	 substantial	 impact	 on	 lake	 structure	
and	function	globally	(Paerl	&	Huisman,	2008;	Tranvik	et	al.,	2009;	
Williamson,	 Saros,	 Vincent,	 &	 Smol,	 2009).	 Long-	term	 incremen-
tal	 increase	 of	 air	 temperature	 influences	 the	 thermal	 structure	
(Gauthier,	Prairie,	&	Beisner,	2014;	 Liu,	Bocaniov,	 Lamb,	&	Smith,	
2014)	and	timing	of	stratification	 in	 lakes	 (Izmest'eva	et	al.,	2016;	
Meis,	Thackeray,	&	Jones,	2009).	The	shorter-	term	impact	of	heat-
waves,	 droughts,	 and	 flooding	 can	 alter	 the	 hydrological	 balance	
and	ecological	structure	in	many	lakes	(Bakker	&	Hilt,	2016;	Bertani,	
Primicerio,	&	Rossetti,	 2016;	Wigdahl-	Perry	 et	al.,	 2016).	 Thus,	 if	
future	 projections	 of	U.K.	 climatic	warming	 are	 correct,	with	 an-
nual	average	temperatures	rising	by	+1.4°C	from	2020	to	2060	and	
+3.4°C	 from	 2020	 to	 2100	 (UKCP09	 projections;	 Murphy	 et	al.,	
2009),	there	are	likely	to	be	substantial	effects	on	lakes	across	the	
U.K.	 However,	 the	 precise	 direction	 and	 magnitude	 of	 change	 is	










&	 Zacharias,	 2014),	 Rostherne	 Mere	 has	 recently	 undergone	
catchment-	scale	 management	 intervention	 to	 limit	 nutrient	 load	
and	reduce	lake	nutrient	concentrations.	While	reducing	the	exter-
nal	 phosphorus	 load	 improved	 ecological	 condition	 in	 some	 lakes	
(Jeppesen	 et	al.,	 2005;	 Sondergaard,	 Jensen,	 &	 Jeppesen,	 2005),	
many	 have	 only	witnessed	 a	 slow	 recovery	 as	 a	 result	 of	 internal	
loading	of	soluble	reactive	phosphorus	 (SRP)	derived	from	historic	
SRP	 inputs	 stored	 within	 the	 upper	 sediment	 (Jarvie	 et	al.,	 2013;	
Schindler,	2006).	Rostherne	Mere	 is	 a	 small	but	deep	 lake	permit-
ting	a	particularly	long	and	strong	summer	stratification	(Radbourne,	
Ryves,	Anderson,	&	Scott,	2017).	In	conjunction	with	high	produc-







Mere.	 These	 data	 are	 used	 in	 the	 biophysical	 PROTECH	 model	
(Phytoplankton	 RespOnses	 To	 Environmental	 CHange;	 Reynolds,	
Irish,	 &	 Elliott,	 2001;	 Elliott,	 Irish,	 &	 Reynolds,	 2010)	 to	 simulate	
















March	 to	 November	 c.	 10	m)	 with	 an	 anoxic	 hypolimnion.	 With	




the	 1930s	 and	 June	 1991,	 when	 it	 was	 then	 diverted	 out	 of	 the	
6.	 In	summary,	 the	recovery	trajectory	at	Rostherne	Mere	 is	 limited	by	the	annual	
internal	 soluble	 reactive	 phosphorus	 load	 replenishment	 that	 realistically	 is	 un-
likely	 to	change	greatly	on	a	shorter	 time-scale.	Therefore,	 the	external	 soluble	
reactive	phosphorus	load	has	the	potential	to	play	an	important	role	as	it	can	be	
managed	 further,	but	 is	 complicated	by	 the	 indirect	 impact	of	 climate	 changing	
stratification	and	flushing	patterns.
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Phytoplankton	 blooms	 are	 dominated	 in	 spring	 by	 diatoms	









uploaded	 in	 real-	time.	 This	 study	 used	 lake	 temperature	 readings	
and	surface	wind	speed	data.
2.2 | Collection and analysis of field data
Between	January	2016	and	January	2017,	water	samples	were	col-
lected	 approximately	 every	 3	weeks	 from	 Rostherne	 Brook	 (the	
main	 inflow,	 draining	 79%	 of	 the	 catchment),	 Blackburn's	 Brook	
(outflow)	 and	 the	 central	 lake	 surface	 (UKLEON	 buoy	 site;	 water	
depth	 c.	 26	m),	with	multiple	 column	 depth	water	 samples	 (6,	 12,	
18,	 and	 24	m)	 added	 to	 the	 3-	weekly	 collection	 programme	 from	
September	2016.	Water	samples	were	shipped	to	an	external	certi-
fied	 laboratory	 (National	 Laboratory	 Service,	U.K.)	 for	 orthophos-
phate	 (SRP),	 TP,	 dissolved	 inorganic	 nitrogen	 (DIN),	 and	 dissolved	
silicate	(DSi)	nutrient	analysis.	Additionally,	an	integrated	water	col-
umn	sample	(0–8	m)	from	the	central	lake	location	was	collected	for	






630,	 645,	 665,	 and	 750	nm	 and	 an	 extraction	 solvent	 of	 80%	 ac-
etone	(Sartory	&	Grobbelaar,	1984).
Inflow	 and	outflow	discharge	was	 determined	 by	 calculating	 a	
linear	 discharge	 relationship	 between	 cross-	sectional	 profiles	 and	
sectional	velocities	recorded	for	a	range	of	stage	heights	over	2016.	
This	 empirical	 stage–discharge	 relationship	 was	 then	 applied	 to	
continuous	stage	height	measurements	recorded	using	a	Van	Essen	















It	 also	 simulates	 at	 the	 species	 level,	 so	 allows	 community	 level	
simulations	to	be	conducted	rather	than	just	a	simulation	of	total	


























	 are	 the	growth	 rates	determined	by	SRP,	N,	
and	DSi	 concentrations	below	 these	 respective	 threshold	 concen-
trations:	<3,	80,	 and	500	μg/L	 (Reynolds,	2006).	The	 r′	 values	 are	
phytoplankton-	dependent	 (e.g.	non-	diatom	taxa	are	not	 limited	by	
silica	concentrations	below	500	μg/L	and	nitrogen-	fixing	cyanobac-
teria	 are	 not	 limited	 by	 nitrogen)	 and,	 crucially,	 relate	 to	 the	mor-
phology	of	the	taxon.	The	phytoplankton	communities	used	in	the	
model	were	 selected	 from	 analysis	 of	 the	most	 abundant	 species	
observed	in	the	lake	(Radbourne,	2018),	giving	a	total	of	seven	phy-
toplankton	taxa:	Asterionella,	Stephanodiscus	(diatoms),	Cryptomonas 
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column	in	response	to	external	meteorological	drivers.	The	value	of	




(R2 and RMSE).	After	 the	 initial	 simulation,	as	expected,	 it	became	
clear	 that	 an	 internal	hypolimnetic	nutrient	 supply	of	SRP	needed	
to	be	added	 to	simulate	 the	 internal	 loading	of	P.	This	being	cited	
previously	as	an	important	component	of	P	dynamics	at	Rostherne	
Mere	 (Carvalho	 et	al.,	 1995;	 Moss	 et	al.,	 2005).	 Therefore,	 incre-
mental	daily	amounts	of	SRP	were	added	to	the	bottom	15	m	of	the	

















ture	and	nutrient	 load.	Each	 future	projection	scenario	was	 run	 in	
daily	time	steps	for	10	years	using	the	2016	driving	data	repeatedly,	
and	the	final	year	only	was	used	for	the	analysis	to	allow	the	simula-
tion	 time	 to	move	away	 from	 the	baseline	and	 stabilise	under	 the	
new	driving	conditions.	The	different	scenarios	were	created	by	ap-
plication	 of	UKCP09	 future	 temperature	 change	 projections	 (with	
11	model	 simulations),	 forecasting	 daily	 temperatures	 using	 years	
360	days	 long,	 as	 used	 by	 the	 UKCP09	 models,	 between	 2011–
2020,	2051–2060,	and	2091–2100	for	the	25	km2	grid	reference	of	
Rostherne	Mere	(the	U.K.	Met	Office	Hadley	Centre	Regional	Model	
Perturbed	 Physics	 Ensemble	 simulations	 HadRM3-	PPE;	 Murphy	
et	al.,	 2009).	 Temperature	 change	 was	 combined	 with	 decreas-
ing	SRP	loads	compared	to	2016,	through	calculating	a	percentage	
of	measured	 internal	 and	external	 SRP	 loads	 in	2016,	 these	being	
100%	(i.e.	no	change	from	2016;	referred	to	as	high),	60%	(referred	
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3  | RESULTS
3.1 | Seasonal changes in Rostherne Mere
The	 ratio	 of	 TP	 to	 SRP	 concentrations	 at	 Rostherne	Mere	was	
fairly	constant	throughout	2016	(Figure	1b),	thus	SRP	was	used	
in	 this	 study	because	available	 reactive	P	 is	 important	 for	phy-
toplankton	ecology	and	its	use	here	will	not	significantly	under-
estimate	 the	P	budget.	 The	 concentration	of	 SRP	 in	Rostherne	
Mere	was	high	 at	 the	 start	 of	 2016	 (>150	μg/L;	 Figure	1b),	 but	
then	 decreased	 as	 it	 became	 diluted	 by	 the	 inflow	 (c. 20 μg	
SRP/L;	 Figure	1a)	 and	 through	 algal	 uptake	 (observed	 chl-	a in-
crease;	Figure	1d).	By	mid-	June,	the	concentration	of	SRP	within	
the	 lake	 had	 fallen	 to	 levels	 near	 (or	 below)	 analysis	 detection	
limits	 (<10	μg/L;	Figure	1b).	 Low	SRP	concentrations	 (<18	μg/L)	
in	 the	 epilimnion	 from	mid-	June	 to	 November	 (Figure	1b)	 limit	
algal	 growth,	 as	 seen	 in	 the	 chl-	a	 production	 reaching	 a	maxi-
mum 25.8 μg/L	(Figure	1d),	with	production	sustained,	and	thus	
limited,	by	the	inflow	SRP	load	(mean	June	to	November	inflow	
SRP	 concentration	 22	μg/L;	 Figure	1b).	 During	 summer,	 anoxic	
stratification	 in	 the	 hypolimnion	 establishes	 a	 high	 concentra-
tion	 of	 sediment-	derived	 SRP	 at	 depth	 (>800	μg/L;	 Figure	2),	
which	 is	dispersed	throughout	 the	water	column	at	overturn	 in	
late	November,	returning	the	whole	lake	to	the	similar	high	SRP	




552	kg	TP/year;	 Figure	1a,c),	 supporting	 the	 inference	 that	 the	
major	 source	of	 this	 large	quantity	of	P	 replenishing	 the	water	
column	annually	is	derived	internally	from	the	sediment	P	store,	
not	 from	 inflows	draining	 the	managed	pastureland	catchment.	
DIN	and	DSi	were	deemed	not	 to	be	 important	 for	 annual	 chl-	
a	 production	 as	 concentrations	were	 high	 throughout	 the	 year	
in	 both	 the	 inflow	 (annual	 mean	 2.2	mg	 DIN/L,	 7.4	mg	 DSi/L;	




dard	method	was	 0.82	years	 (c.	 10	months).	 The	mixed	 lake	WRT	
(WRTm)	that	takes	account	of	the	strong	stratification	for	8.5	months	
(mid-	March	 to	end-	November),	which	 limits	 the	available	 lake	vol-
ume	 for	outflow	export,	 gave	an	annual	estimate	of	0.57	years	 (c. 
7	months).








ture	 (R2	=	0.98,	 p	<	0.001,	 RMSE	=	0.64;	 Figure	3a),	 the	 epilim-
nion	 concentration	 of	 SRP	 (R2	=	0.76,	 p	<	0.001,	 RMSE = 48.7; 
Figure	3b)	 and	 total	 epilimnion	 chl-	a	 (R2	=	0.93,	 p	<	0.001,	
RMSE	=	4.68;	Figure	3c).




greatest	 effect	 on	 epilimnion	 SRP	 concentration	 (Figure	4),	with	
a	48.9%	and	85.6%	reduction	for	high–mid	and	high–low,	respec-
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fall	 in	 concentration	 from	 high–mid	 and	 high–low,	 respectively	
(Table	1).	These	changes	are	not	statistically	significant	(Table	2).	
However,	 the	 relative	 impact	 of	 the	 external	 load	 increased	 in	
scenarios	where	the	internal	 load	was	lower	(under	low	internal	
load:	 10.2%	 reduction	 high–mid	 and	20.3%	 reduction	 high–low	
external	 loads;	Table	1),	 thus	external	 load	became	 increasingly	
statistically	 significant	 (Table	2).	 Increasing	 temperature	 alone	
(i.e.	 nutrient	 loads	 remain	 the	 same	 over	 time)	 did	 not	 have	 a	
statistically	 significant	 effect	 on	 SRP	 concentration	 (Table	2),	
marginally	 altering	 SRP	 concentration	 (±<2%	 2020–2060,	 <6%	
2020–2100;	Table	1).
3.4 | Response of chl- a concentration to future 
change in climate and nutrient load
The	concentration	of	 chl-	a	 responded	 to	 the	alterations	 in	SRP	
concentration	 (Figure	5).	 Reduced	 internal	 loading	 led	 to	 the	
greatest	 chl-	a	 reduction	 (51.0%	 high–mid,	 65.0%	 high–low;	
Table	1).	All	 scenarios	of	 internal	 load	 change	were	 statistically	
significant	(Table	3).	Like	SRP,	the	chl-	a	reduction	is	amplified	by	




in	 future	 temperature	 scenarios	 and	 at	 reduced	 internal	 loads	
(Table	3).





Statistical	 significance	of	 temperature	 change	was	only	 evident	 in	
the	high	nutrient	load	scenarios	(Table	3).
3.5 | Response of phytoplankton to future change in 
climate and nutrient load
Annual	modelled	phytoplankton	assemblages	differed	among	fu-
ture	scenarios	 (Figure	6a,b).	Cyanobacteria	showed	a	substantial	
decrease	 in	 bloom	 size	 (represented	 as	 chl-	a)	 and	 proportional	
chl- a	 dominance	 in	 reducing	 internal	 load	 scenarios	 (Figure	6a).	
External	 load	 reduction	had	 a	 greater	 influence	by	 reducing	 cy-
anobacterial	 dominance	 in	 lower	 internal	 load	 scenarios,	 while	
temperature	 slightly	 increased	 the	 cyanobacterial	 dominance	 in	
future	warmer	 climates	 (Figure	6a).	 The	 additional	 simulation	 of	
future	change	with	a	10-	fold	external	SRP	concentration	increase	
showed	 an	 increase	 in	 SRP	 and	 chl-	a,	 with	 the	 predominant	 in-
crease	found	in	cyanobacterial	abundance	(up	to	88%	of	total	chl-	
a;	Table	4).
Annual	modelled	diatom	abundance	 (in	 terms	of	chl-	a)	 showed	




3.6 | Response of lake thermal structure and 
stratification to future climate change
Future	 temperature	 changes	 represented	 an	 annual	 average	 in-
crease	of	 air	 temperature	of	1.4°C	by	2060	and	3.4°C	by	2100,	
compared	 to	 the	2020	baseline	 (i.e.	 final	year	of	2011–2020	 fu-
ture	temperature	scenario).	 Increases	in	temperature	altered	the	
water	column	mixing	and	stratification	patterns,	with	the	annual	
average	 mixing	 depth	 increasing	 by	 0.48	 and	 1.12	m	 by	 2060	











The	 increase	 in	air	 temperature	also	 led	 to	a	 statistically	 sig-
nificant	 earlier	 onset	 of	 stratification,	 Figure	7c;	 F(2,	 30)	=	5.30,	
p	=	0.01.	 This	was	6	days	 earlier	 by	2060	 and	14	days	 earlier	 by	
2100.	Thus,	overall	stratification	duration	increased	significantly,	
Figure	7b;	F(2,	30)	=	5.09,	p =	0.01,	because	the	timing	of	stratifi-















4.1 | Phosphorus legacy of the sediment limiting 
future recovery
The	 PROTECH	 projections	 of	 possible	 future	 change	 scenar-
ios	 clearly	 show	 that	 the	 main	 driver	 of	 substantial	 change	 at	
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similar	 changes	 in	 the	 external	 load.	 The	 substantial	 difference	
between	 the	 importance	 of	 internal	 and	 external	 loads	 is	 ex-
plained	 by	 the	 relative	 change	 in	 load	 size,	 with	 a	 much	 larger	
reduction	in	internal	loading	(baseline	c. 200 μg/L)	than	external	
loading	(baseline	c. 20 μg/L).
4.2 | Contribution of internal and external loads 
to the concentration of chl- a





High external load Mid external load Low external load
SRP Chl- a Ratio SRP Chl- a Ratio SRP Chl- a Ratio
2011–2020
High 89.0 20.0 0.22 86.0 18.1 0.21 83.0 16.0 0.19
Mid 45.5 9.8 0.22 43.5 8.3 0.19 41.5 6.3 0.15
Low 12.8 7.0 0.55 11.5 5.7 0.50 10.2 4.6 0.45
2051–2060
High 89.6 22.6 0.25 86.7 21.2 0.24 83.5 19.2 0.23
Mid 44.8 10.6 0.24 43.0 9.1 0.21 40.9 7.4 0.18
Low 12.7 7.2 0.57 11.4 5.7 0.50 10.0 4.7 0.47
2091–2100
High 93.6 21.8 0.23 90.9 20.0 0.22 87.6 18.2 0.21
Mid 46.7 9.5 0.20 44.6 7.6 0.17 42.4 5.2 0.12
Low 12.9 6.6 0.51 11.7 5.3 0.45 10.4 4.2 0.40
Note.	Values	based	on	the	final	year	annual	averages	for	11	temperature	model	forecasts.




High 1.53	ns 2.36* 29.46***
Mid 3.70	ns 3.79* 26.32***
Low 5.56** 17.28*** 47.52***




High 617.51*** 669.4*** 679.89***
Mid 851.28*** 854.34*** 885.94***
Low 2,275.43*** 2,509.7*** 2,509.70***




High 1.63	ns 1.95	ns 1.81	ns
Mid 1.08	ns 0.94	ns 0.81	ns
Low 0.26	ns 0.47	ns 0.58	ns
Note. F-	values	(df2,30)	and	significance	from	single	factor	ANOVA	(n	=	33)	are	presented.	Highly	sig-
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been	 suggested	 that	 a	 reduced	external	 SRP	 load	will	 starve	 in-
ternal	 load	 replenishment,	 eventually	 exhausting	 the	 standing	
SRP	store	(assuming	sediment	oxygen	condition	does	not	change).	
However,	 it	may	 take	 decades	 or	 longer	 before	 internal	 P	 store	
























et	al.,	 2017)	 and	 entrainment	 from	 the	hypolimnion	 are	 both	 very	
low.	 Thus	within	 an	 individual	 year	 under	 current	 scenarios,	 a	 re-
duction	in	the	external	SRP	load	(although	having	a	minor	impact	for	









tration,	 designed	 to	 simulate	 an	unmanaged	 catchment,	 showed	a	
substantial	increase	in	SRP	and	chl-	a,	driven	by	a	rise	in	summer	algal	
blooms.	This	confirms	the	role	of	 the	external	 load	 in	replenishing	









4.3 | The effect of climatic warming on the 
concentration of chl- a
Rising	 air	 temperatures	 to	 2060	 resulted	 in	 a	 slight	 increase	 in	
chl- a	 concentration,	 under	 current	 nutrient	 loads	 and	 a	 smaller	
increase	 in	 lower	 nutrient	 scenarios.	 Some	 studies	 have	 found	
that	 temperature	 increase	 has	 no	 effect	 on	 chl-	a,	 only	 increas-
ing	 the	 cyanobacterial	 dominance	 (Kosten	 et	al.,	 2012),	whereas	
others	 found	 an	 increase	 in	 chl-	a,	 but	 the	mechanistic	 reason	 is	
unknown	 (Elliott,	 McElarney,	 &	 Allen,	 2016;	 Izmest'eva	 et	al.,	
2016).	However,	 in	Rostherne	Mere	 at	 the	 highest	 temperature,	
corresponding	to	the	2100	time	period,	chl-	a	concentrations	were	
forecast	 to	be	 lower	 than	 those	 in	2060.	This	 reduction	 in	chl-	a 
with	continued	warming	is	counter	to	other	modelling	studies	sim-
ulating	warming,	that	reported	a	step	change	increase	with	higher	
warming	 scenarios	 in	 similar	 deep,	 stratifying	 eutrophic	 lakes	
(Elliott	 et	al.,	 2016;	 Tadonleke,	 2010).	 Although	 the	 mechanism	





4.4 | Phytoplankton assemblage change driven by 
climate and nutrient loads
Cyanobacterial	 blooms	 responded	 to	 environmental	 change	 in	 a	
similar	 way	 to	 chl-	a	 since	 they	 are	 the	 dominant	 algal	 group,	 un-





are	 largely	 unaffected	 by	 reduced	 internal	 and	 external	 nutrient	
load.	The	 relatively	small	 response	of	diatom	chl-	a	 compared	with	
the	 reduction	seen	 in	cyanobacterial	blooms	under	 lower	nutrient	
load	scenarios,	results	in	diatoms	contributing	a	greater	proportion	
of	the	total	chl-	a.




High 5.71** 7.02*** 47.42***
Mid 4.70* 3.63* 15.79***
Low 4.19* 19.85*** 84.44***




High 144.75*** 103.98*** 85.62***
Mid 180.50*** 145.82*** 95.39***
Low 202.10*** 151.37*** 216.16***




High 3.40* 3.41* 2.99	ns
Mid 0.81	ns 1.09	ns 2.91	ns
Low 1.84	ns 0.87	ns 2.03	ns
Note. F-	values	 (df2,30)	 and	 significance	 from	 single	 factor	 ANOVA	 (n	=	33)	 are	 presented.	 Highly	
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4.5 | Climatic warming alters stratification depth, 
length and timing
The	 large	 range	 of	 SRP	 concentrations	 in	 Rostherne	 Mere	 across	
the	 annual	 cycle	 is	 predominantly	 driven	 by	 the	 long	 stratifica-












warmer	climate,	 suggests	warming	at	 the	 surface	 (and	greater	en-
ergy	input	to	the	lake)	is	transferred	deeper	into	the	water	column	
deepening	the	thermocline	depth,	as	has	been	found	in	other	studies	
(Gauthier	 et	al.,	 2014;	 Liu	 et	al.,	 2014;	 Luoto	&	Nevalainen,	2013).	










SRP Total Chl- a Cyanobacteria Chl- a Diatom Chl- a
2016	baseline 94.4 9.5 5.3 0.9
PROTECH	
validation
78.2 12.2 7.2 1.4











of	 the	 future	 projected	 increased	 duration	 of	 stratification	 led	 to	












pared	 to	 the	 2060	 scenarios.	 Earlier	 onset	 of	 stratification	 in	 the	
2100	 scenarios	 leads	 to	 earlier	 nutrient	 limitation	 and	 thus	 lower	
productivity	for	a	larger	part	of	the	summer	period.
5  | CONCLUSIONS
Rostherne	Mere's	 trophic	 trajectory	 towards	 recovery,	 monitored	
since	1991,	has	been	limited	by	the	large	annual	internal	load	of	SRP	
from	the	profundal	sediment.	Future	scenarios	of	changes	in	inter-
nal	SRP	 load,	external	SRP	 load	and	air	 temperature	over	 the	 rest	
of	 the	21st	 century	 show	 that	 this	 legacy	of	phosphorus	 stored	 in	




large	 scale	modelled	 in	 this	 study.	 Conversely,	 external	 SRP	 load-
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subsequently	 adjusting	 the	 rate	 and	 trajectory	 of	 future	 recovery	
and	potentially	altering	algal	community	structure.
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